Coronary arterial smooth muscle is myogenically active, is acted upon by a variety of modulating agents, and is subjected, in situ, to compression and distension by the myocardium. Its mechanical properties thus play a key role in the regulation of coronary blood flow. To describe these, we applied phase-plane analysis of shortening velocity vs. length and load clamping to strips of isolated coronary arteries made to contract by an increase in extracellular potassium concentration. At any load, length was larger in relaxed than in "resting' preparations. In addition, preloaded shortening was smaller than would be expected from the relation between active isometric force and muscle length. These suggest the occurrence of stretch-activation and shortening-inactivation. To judge from both phase-plane analysis and quick release experiments, shortening velocity depended on load as well as on time. Velocity decreased with increasing duration of contraction. Shortened coronary arteries resisted lengthening induced by loading and could transiently bear loads that considerably exceeded isometric force. This load-bearing capacity increased with increasing shortening. In conclusion, coronary arterial smooth muscle displays the classical relationship between length, force, and velocity. However, the nature of this relationship changes with duration of activity. In addition, it is greatly affected during changes in length or load, such as expected when the arterial wall is exposed to pulsatile blood flow and is surrounded by mechanically active muscle. (Circ Res 55: 1-9, 1984) 
SINCE coronary arterial smooth muscle cells are myogenically active and are responsive to a number of neurohumoral and locally produced substances, they are the effectors of local and reflex control of coronary resistance (Olsson, 1975; Berne and Rubio, 1979; Feigl, 1983) . Consequently, their mechanical properties play a key role in the regulation of coronary blood flow. The mechanics of vascular smooth muscle are, however, not fully understood (Johnson, 1980; Murphy, 1980) . As for cardiac and skeletal muscle (Simmons and Jewell, 1974; Hill, 1970; Brutsaert, 1974) , they are governed by the interrelationship between muscle length, force, and velocity of shortening (Murphy, 1976 (Murphy, , 1980 . Little attention has been paid to the effects of time on these variables. Yet vascular smooth muscle displays mainly long lasting tonic contractile responses, during which the intracellular biochemical control of the contractile machinery has been reported to change (Dillon et al., 1981; Driska et al., 1981; Aksoy et al., 1982 Aksoy et al., , 1983 . The mechanical consequences of these changes with time, for the most part, remain to be established. On the other hand, the coronary arterial wall is subject to distention and compression resulting from the pumping action of the heart (Feigl, 1983) . These are fast phenomena compared to the kinetics of the smooth muscle cells. Consequently, the mechanical effects of rhythmic changes in loading cannot be predicted from the length-force-velocity relationship obtained under static conditions. Therefore, we analyzed the effects of time and abrupt changes in load on the mechanics of coronary artery strips by the use of phase-plane analysis of shortening velocity vs. length and of load clamping. The results suggest that shortening velocity progressively falls during shortening and that the capacity to bear loads temporarily, considerably exceeds the isometric forces that are developed.
Methods
Experiments were performed on transverse strips of left anterior descending coronary arteries (LAD) from mongrel dogs (22-36 kg) anesthetized with sodium pentobarbital (30 mg/kg, iv). After isolation, the beating heart was immersed in cold Krebs-Ringer bicarbonate solution (KRB) which contained (in DIM): NaCl, 118; KC1, 4.7; MgSO«-7H 2 O, 1.2; KH 2 PO 4 , 1.2; NaHCO 3 , 24; CaCl 2 -2H 2 O, 2.5; and glucose, 4.5. A segment of LAD was dissected out, slid over a stainless steel rod to remove the endothelium (De Mey and Vanhoutte, 1982a) , and carefully cleaned of surrounding tissue. Small segments (1-2 mm wide) were cut open to obtain transverse strips. Parts of the preparations were adrenergjcally denervated with 6-hydroxydopamine as previously described (Aprigliano and Hermsmeyer, 1976; De Mey and Vanhoutte, 1982b) . Parts of the strips were stored overnight at 4°C in KRB. These were allowed to equilibrate for 1 hour at 37°C prior to initiation of experimentation. No statistically significant differences were observed between preparations studied on the day of excision and preparations from the same arteries stored overnight.
The strips were individually mounted in organ cham-bers filled with 50 ml KRB maintained at 37°C and gassed with 95% O 2 -5% CO 2 . The lower end of the preparation was fixed in the organ chamber by a light phosphor bronze clip. The upper end was connected by means of a second clip and short silk thread to the electromagnetic lever system mounted on a Palmer stand above the chamber (Fig. 1) . The solution in the organ chamber could be removed by suction and replaced by fresh preheated and gassed solution from two containers, one of which was filled with control KRB and the second with KRB with elevated potassium concentration ( Fig. 1 ). An increase in the potassium concentration of the KRB was compensated for by an equimolar decrease of the sodium concentration.
Electromagnetic Lever System
The electromagnetic lever system ( Fig. 1 ) (Claes Instruments) consisted of an aluminum lever, 1 mm thick and 35 mm long, with a tapered end to decrease the moving mass. This lever was firmly attached by epoxy cement to a coil suspended in a strong magnetic field. The equivalent moving mass of the whole system (lever and coil) was 225 mg. The torque on the lever, and, hence, the loading on the preparation, was proportional to the current through the coil. This current was generated by a current source calibrated for step changes in load of 0.1, 1, 10, and 100 mM up to a total of 150.0 mN. Abrupt changes in load or load-clamps could be performed by switching the current to a second level, controlled by a second set of decade switches.
Force was measured by a unidirectional force-sensing feedback circuit. The unfiltered displacement signal was compared to a preset reference level, representing the position of an "electronic stop." If the signal was smaller than this level, no feedback occurred and the preparation had to carry the imposed load. When the preparation was lengthened beyond the reference position, the lever was held in that position by feedback action and the current through the coil was proportionally decreased, and represented the load carried by the preparation. By adjusting this reference level, resting length and preload could be set.
In the course of an isometric contraction, the lever did move a very small amount, proportional to the developed force. This static compliance amounted to 0.32 / dl/dt FIGURE 1. Experimental set-up, including tissue chamber in which the arterial strip is mounted, containers with relaxing (KRB) and contracting (K + + 50 KRB) solution, and block diagram of the electromagnetic lever system which was mounted on a Palmer stand (not shown). For further details, see text.
Circulation Research/Vol. 55, No. 1, July 1984 and the dynamic compliance was negligible. The force signal was filtered with a low-pass filter (cut off frequency, 0.2 Hz; rise time, 1.7 second) and differentiated with an active differentiator (RC = 1 0 seconds). This low cut-off frequency minimized noise on the velocity signal, and the rise time was 5-10 times shorter than the fastest phenomena.
The displacement of the lever was measured by an oprico-electronic system. The light beam of a miniature infra-red light emitting diode (Texas Instruments TIL 32) was modulated by the lever acting as shutter, and captured by a photo diode (Philips BPW 41). The resulting signal was amplified by operational amplifier circuits. The linear range was 2.5 mm with an error of 1%. The displacement signal was filtered and differentiated with the same kind of circuits as the force signal to minimize relative phase errors.
All variables were represented on a storage display unit (Tektronix 611) and copied with a hard copy unit (Tektronix 4601). All signals were also simultaneously recorded on a Gould ES 1000 electrostatic recorder.
Experimental Protocol
After mounting, the preparations were allowed to equilibrate during 30 minutes under a minimal preload (1.1 mN) which corresponded to the weight of the upper mounting clip and silk thread. The preparations were then taken through a cycle of step-wise loading (to a maximum of 16 mN) and unloading. They were subsequently stretched step by step to the minimal length at which the isometric contractile response to 50 mM potassium was maximal (optimal length, L™*). Further experimentation, except when explicitly mentioned, was performed starting at Lm ax . The effects of changes in load were analyzed, both by altering the loading conditions prior to initiation of contraction, and by applying abrupt changes in load (load clamps) during contraction. During the course of a contraction, only one load clamp was applied. When the effect of abrupt changes in load was analyzed, control contractions were induced in series in the same preparations. Between contractions, the preparations were exposed for 1 minute to 3 MM isoproterenol to relax spontaneous tone. A stable level was subsequently maintained for at least 7 minutes, allowing enough time for the next contraction to be induced from the relaxed level. In four preliminary experiments, removal of extracellular calcium in the presence of 0.1 mM EGTA or exposure to 10 /*M verapamil did not further relax preparations exposed to isoproterenol. This suggests that the ^-mimetic agent maximally relaxed the "resting preparations."
Statistics
Length and force data were respectively normalized to the optimal length, Ln, ax , and to the mean cross-sectional area at L^,*. The data are shown as means ± SEM or as individual recordings. The latter are, in every case, representative for at least six experiments using coronary arteries from six dogs. The statistical significance of differences between data was analyzed by the use of regression analysis, Student's Ntest for paired and unpaired observations, analysis of variance, or nonparametric tests.
Results

Selection of Agonist
Coronary arterial preparations contracted in response to acetylcholine, electrical stimulation, norepinephrine, potassium, and serotonin. For six preparations at Lmax, maximal tonic isometric responses averaged: 4.2 ± 0.9, 3.7 ± 1.0, 9.3 ± 2.1, 62.1 ± 4.8, and 46.7 ± 6.3 mN/mm 2 for 0.3 mM acetylcholine, 32 Hz electrical stimulation, 0.1 mM norepinephrine, 50 mM potassium, and 3 nu serotonin, respectively. While responses to norepinephrine were increased from 9.3 ± 2.1 to 19.1 ± 2.0 mN/mm 2 by 3 fiM metoprolol, they were abolished in the presence of both 3 HM metoprolol and 3 pM phentolamine. Neither a-nor /3-adrenoceptor blockade, nor acute sympathetic denervation significantly affected contractile responses to 50 mM potassium; the responses averaged 62.1 ± 4.8 and 60.7 ± 5.1 mN/mm 2 in the absence and presence of both phentolamine and metoprolol and 63.4 ± 5.7 mN/mm 2 in vessels pretreated with 6-hydroxydopamine. Incubation of the preparations in calcium-free solution containing 0.1 mM EGTA reduced responses to norepinephrine and serotonin by 50.5 ±7.1 and 30.8 ± 5.2%, respectively, and abolished responses to potassium.
Potassium, 50 mM, was selected for further experimentation, since it induced the largest tonic contractile responses. These responses may be due to increased influx of extracellular calcium in the arterial smooth muscle cells.
Relationship between Length and Force "Resting" Preparations
Upon a sudden increase in load, the resting coronary artery abruptly lengthened. This initial response was followed by a slower further increase in length until a stable level was reached. The subsequent addition of the j3-mimetic agonist, isoproterenol, caused a further lengthening, suggesting that the preparation had actively maintained a shorter length. After removal of the relaxant, the relaxed length was maintained for at least 7 minutes, after which some preparations started to shorten. This sequence of events reoccurred when the load on the preparation was further increased. The final relaxed muscle lengths observed in the presence of isoproterenol at increasing load were used to construct the resting length-force curve shown in Figure 2 .
Isometric Force
Peak isometric force in response to elevated potassium initially increased with increasing relaxed muscle length. With further increases in length, near maximal responses were obtained within a relatively large length range over which passive force greatly increased (Fig. 2) . Increasing the length further decreased the amplitude of the isometric response. At FIGURE 2. Length-force relations in isolated canine coronary artery. Isometric force development (a, ) and preloaded isotonic shortening (b, ) are represented at increasing preload and starting length; peak forces and peak shortenings were connected to obtain isometric and isotonic length-force curves, respectively. Before each contraction, induced by 50 mM potassium, basal tone had been relaxed by 3 HM isoproterenol to obtain the resting length-force curve. The inset represents superimposed force development, preloaded shortening and supra-isometric load clamping at I™,. The length range (c, ) , over which a supra-isometric load was borne by the tissue after it had maximally shortened, is displayed as well, to obtain a load clamp length-force curve. For clarity, only that part of the response during which the load was borne is shown: a, peak isometric force; b, peak isotonic shortening; and d, drop in force following resisted lengthening. At each length, the supra-isometric load exceeded active force by 81.2 ± 3.1%. Muscle characteristics: mean cross-sectional area at L max (6.00 mm) 0.60 mm 2 .
Lmax, the minimal length at which active isometric force was maximal, the ratio of resting to total force averaged 0.219 ± 0.023 (n = 20). At all lengths, isometric responses consisted of an initial rapid phase and a slow further increase in force (see Fig. 3 ).
Isotonic Shortening
Preloaded and afterloaded coronary arteries shortened in response to high potassium, when the load was smaller than the total (active plus resting) force at the given muscle length. The extent of shortening depended on the loading conditions. Afterloaded shortening from Lm ax decreased with increasing afterload (Fig. 4) . Similarly, preloaded shortening decreased with increasing load and length at which contraction was initiated (Figs. 2 and 4). Values of peak shortening at different preloads were used to construct the isotonic lengthforce relationship shown in Figure 2 . From these results, it appears that preloaded shortening was less than was expected from the relationship between length and total isometric force.
Velocity of Shortening
Effects of Length and Time
Preloaded preparations at Ln, ax initially shortened rapidly upon exposure to 50 mM potassium. Peak 
FIGURE 3. Contractile responses of the canine coronary artery to elevated potassium. On the left, from top to bottom, length, shortening velocity, and force development are shown as a function of time for a superimposed preloaded shortening and an isometric response at optimal length. The preparation was exposed to 50 mM potassium for 10 minutes, as indicated by the arrows, and subsequently to control Krebs-Ringer bicarbonate solution. At I, in each recording, the preparation was exposed to 3 HM isoproterenol for 3 minutes. On the righthand side, a phase plane of shortening velocity vs. length is represented for the preloaded contraction-relaxation cycle.
shortening velocity was reached between 12 and 15 seconds after exposure. Shortening subsequently proceeded slowly as the arterial preparation crept towards peak shortening, which was reached after 7-10 minutes . These changes in rate during the course of shortening are particularly evident when velocity is displayed as a function of muscle length, i.e., phase-plane of shortening velocity vs. length . From starting length to peak shortening, velocity rapidly rose to a peak and then dropped. This decline was initially fast, but then slowed as shortening velocity tended to pass through a constant low level, during which a substantial portion of the shortening proceeded. Similar phase-planes were observed in three adrenergically denervated preparations ( Fig. 5 ) and in the presence of 3 HM phentolamine and 3 HM metoprolol (n = 3, data not shown), suggesting that the observed transient is a property of the arterial smooth muscle cells.
Effects of Length, Load, and Time
Over a broad range of preloads and afterloads, similar changes in velocity were observed during the course of shortening (Fig. 4) . In all cases, shortening proceeded at an intermediate constant rate after an initial rapid phase. The peak and intermediate velocities of preloaded shortening decreased with increasing starting length and load (Fig. 4) . Similarly, both velocities of afterloaded shortening decreased with increasing load, illustrating the wellknown force-velocity relationship. Yet, at the same load, peak shortening velocity was larger and was reached earlier and at larger length during preloaded than during afterloaded contraction (Fig. 4) . On the average, the falling portions of the phase-planes obtained under both conditions superimposed, however. This suggests that shortening velocity depends on time as well as on load. It is highest soon after initiation of contraction, and dropping thereafter. The rapid phase, or part of it, appears to be lost during the isometric part of afterloaded contractions.
Load-clamping
To analyze further the effects of load and time on the mechanics of coronary artery smooth muscle, the loading conditions were changed abruptly at various times during contraction.
Unloading Figure 5 shows the effects of unloading to preload during isometric contraction. At any time, unloading caused an initial fast shortening that coincided with the load-step. At peak force this shortening averaged 0.07 ± 0.01 L™* (n = 6). It could represent the recoil of series elastic elements and, hence, the maximal extent of internal shortening that occurs during force development (Murphy, 1980) . After the initial recoil, the tissue actively shortened. The maximum velocity of this shortening was, at all times, less than peak velocity of preloaded shortening, and decreased with increasing time after initiation of contraction (Fig. 5 ). In addition, shortening velocity passed through a maintained inter- Unloading to preload following 12 seconds (a), 1 minute  (b), and 5 minutes (c) mediate level only when the unloading was applied early in the isometric response, but not when force development had proceeded for at least 1 minute (Fig. 5 ). These are further indications of the dependency of shortening velocity on time. Figure 6 shows the effect of small increases in load during the course of preloaded shortening. At all times, the loading caused the preparations to lengthen, after which they further shortened. Except during the earliest clamp, applied before shortening could occur in the afterload control, muscle lengths were smaller after loading than at the same time in the afterloaded control contraction (Fig. 6 ). This resistance to lengthening increased with progressive shortening. To judge from the phase-planes, shortening velocity after loading initially coincided with those at the same length during the afterloaded control contraction (Fig. 6 ). After the shortening velocity fell to the intermediate level in both the preloaded and afterloaded control contractions, the shortening velocity after loading was smaller than at the same length during afterloaded shortening (Fig. 6 ). This further dissociates the rapid and slow phase of tonic shortening.
Sub-isometric Loading
Supra-isometric Loading
Since coronary arteries resisted lengthening induced by loading, their capacity to bear supra-isometric loads was analyzed. Figure 7 shows the effect of increasing supra-isometric loads applied during preloaded shortening. Each loading caused an initial fast lengthening that coincided with the load step. It was followed by a secondary slow give, during which the load was borne by the tissue. Lengthening beyond L max was prevented by the electronic stop. Therefore, the force subsequently dropped to the isometric level. As shown on Figure 2 , tissues that had shortened could bear supra-isometric loads along the entire active length-force curve.
With increasing loads, both the amplitude of the initial give, and the rate of the secondary give, increased (Fig. 7) . Increasing supra-isometric loads were therefore borne during progressively smaller periods of time. The load that could be borne for 200 msec was arbitrarily chosen as a measure of the maximal force potential (Fj) of the tissue (Stephens and Brutsaert, 1982) . At all times during preloaded shortening, Fj far exceeded the isometric force (F). Both Fi and Fj/F, the load-bearing capacity, increased with progressive preloaded shortening (Table 1) .
To distinguish between effects of duration and extent of shortening on load-bearing capacity, supra-isometric loads were applied after 5 minutes of afterloaded shortening. Extent of shortening, maximal force potential, and load-bearing capacity decreased with increasing afterload (Table 1) . Figure 8 summarizes the dependency of loadbearing capacity on the extent of shortening during preloaded and afterloaded contraction. Under both conditions, more relative excess load could be borne, the more the tissue had shortened. The relationship is very steep at minimal shortening, as early in preloaded shortening and during heavily afterloaded contractions (Table 1) . Beyond 0.01 Lm ax of shortening, at which load-bearing capacity is already substantial, further increases are more gradual. All data points can be represented by a regression line that intersects the ordinate significantly above the origin, suggesting that, in addition to extent of shortening, other aspects contribute, as well.
Discussion
As in a wide variety of muscle types (Hill, 1970; Brutsaert, 1974; Murphy, 1980) , muscle length, force, and velocity of shortening are interrelated in isolated coronary arterial smooth muscle. The relationship changes with duration of contractile activity and during alteration of the loading conditions. This is of potential importance for the function of this tonically active tissue exposed in situ to rhythmic changes in loading.
Validity of Experimental Approach
Since vascular smooth muscle is structurally and functionally heterogeneous, analysis of its mechanics is more complex than in skeletal and cardiac muscle. However, several steps were made to meet the optimal criteria for such study (Murphy, 1976 (Murphy, , 1980 . Transverse strips of the left anterior descendent coronary artery were used because the smooth muscle cells are transversally oriented in this vessel, except for minor longitudinal bundles near the adventitia (histological data not shown). The endothelium was removed from the preparations, since this structure can indirectly interfere with the contractile (1.8, 3.3, 5.8, 11.5 , and 22 seconds) after onset of preloaded shortening from £"," the load on the muscle was abruptly increased ( ) by 11.5% of F™, For comparison, the time course of the preloaded, the afterloaded and the isometric control responses ( ) are shown as well. In the phaseplanes, the initial transients coinciding with the load step are not shown for clarity. reactivity of the smooth muscle cells (De Mey and Vanhoutte, 1982a ). In addition, a possible contribution of adrenergic nerve endings to the observed phenomena (Vanhoutte et al., 1981) was excluded by performing part of the experiments in the presence of a-and ^-adrenergic antagonists or following chemical denervation. Elevation of the extracellular potassium concentration was selected as the stimulus because it caused the largest tonic responses. These contractions are entirely due to the influx of 0.8 r 1.0 L FICURE 7. Effect of supra-isometric loading on the isolated canine coronary artery during preloaded shortening. Length and force are shown as a function of time for six superimposed contractile responses that were induced by 50 HIM potassium. In separate contractions, 30 seconds after the onset of preloaded shortening, supra-isometric load clamps of increasing amplitude (a-e) were applied for 10 seconds, after which the loading on the preparation was returned to preload. For comparison, the time course of an isometric response is shown as well. F, isometric force 30 seconds after onset of force development; Ft, maximal load borne by the tissue at that time. On the right, the recordings are shown on larger time scale from second 29 until second 32. extracellular calcium (Van Breemen and Siegel, 1980) . Therefore, interpretation of the findings is not complicated by a temporal dissociation between release of intracellular and influx of extracellular calcium, known to occur when vascular smooth muscle is stimulated pharmacologically (Bohr and Webb, 1978; De Mey and Vanhoutte, 1982b) . The usefulness of the electromagnetic lever system and of load clamping has previously been described for both cardiac (Brutsaert, 1974) and vascular smooth muscle (Dillon and Murphy, 1982; Stephens and Brutsaert, 1982) . The validity of the use of phaseplanes for the analysis of shortening velocity is indicated by the fact that (1) at the same load, the falling phases during preloaded and afterloaded shortening superimpose, and (2) that peak velocity of shortening upon unloading or subisometric loading displays the same changes with time as in phaseplanes at the same constant load.
Length-Force Relationship
In stimulated and unstimulated coronary artery preparations, force depended on muscle length. There is, however, no unique set of curves that represents passive and active force as a function of length. This seems to be due to effects of changes in length on excitation-contraction coupling. Further lengthening could be induced pharmacologically, once a stable length was reached following loading of unstimulated preparations. This suggests that the loading and subsequent change in length had resulted in activation of the tissue (Johansson and Mellander, 1975; Johnson, 1980) . In addition, peakpreloaded active shortening was smaller than predicted by the relation between length and total isometric force. This discrepancy is even more * At various times after onset of preloaded shortening, or after 5 minutes of afterloaded shortening induced by 50 mM potassium, transverse strips of canine coronary arteries were subjected to supra-isometric load clamping of increasing amplitude. During the course of a contraction, only one such a clamp was applied. The length data are normalized to the optimal length (Lnux), the force data to the mean cross-sectional area (mm 2 ), peak active force (F max ), and to the isometric force at a particular time (F); they are shown as means ± SEM. For statistical analysis, see Figure 8 .
| F* represents the maximal load that was carried by the shortening tissue for 200 msec. j Values in parentheses = degree of afterloading (/V^x).
servations in cardiac muscle have led to the suggestion that active shortening of muscle reduces activation (Brutsaert and Sonnenblick, 1969; Brutsaert et al., 1972) . Therefore, as in cardiac muscle (Brutsaert and Housmans, 1977) , there seem to exist in coronary artery smooth muscle several length-force relations for a given stimulus, depending on the instantaneous loading conditions. This conclusion is also supported by the observations on the supraisometric loads that can be carried by the shortening tissue.
Velocity of Shortening
For skeletal, cardiac, and a variety of smooth muscle preparations, an inverse relationship between force and velocity of shortening has been described (Bahler et al., 1968; Brutsaert, 1974; Murphy, 1980) . To judge from afterloaded contractions, this applies for coronary artery smooth muscle as well. However, we avoided using our data on afterloaded contractions to estimate the maximal velocity of unloaded shortening, since time-dependent phenomena seem to interfere with velocity.
Recently, Dillon and Murphy (1981) observed that, in porcine carotid artery, shortening velocity drops progressively during tonic contractions. Our observation-that the coronary artery shortened more slowly upon unloading, the later the unloading was applied after initiation of force developmentparallels their findings. In addition, at the same load, peak velocity of shortening was larger under preloaded than under afterloaded conditions, as if an initial rapid phase was lost during force development in the afterloaded contraction. Further evidence for the occurrence of transients in shortening velocity was obtained by the analysis of shortening velocity as a function of muscle length, i.e., phaseplane of velocity vs. length. Following the initial 1.0 0.9 0.8 FIGURE 8 . Relationship between load-bearing capacity and extent of shortening in the canine coronary artery. The effect of shortening on the capacity to bear supra-isometric loads was analyzed by (1) applying increasing loads at different times (0.2-5 minutes) after onset of preloaded shortening (9), and (2) by load clamping after 5 min of afterloaded shortening, with the afterload ranging from 62 to 93% of peak active force (M, see Table 1 ). As shown on the inset, which represents length and force as a function of time for three contractions that were superimposed, F, refers to the maximal load carried for 200 msec and F to the isometric force expected at the same time. The regression line (/, FJF = 2.36 + 4.92 L/L^^ r = 0.78, P < 0.005) corresponds to the data obtained during preloaded shortening (9); the major part of the data obtained during afterloaded shortening (•) fall within the 95% confidence limits of the regression line.
LENGTH
marked when "internal" shortening during force development, estimated to amount 7% of Lmax/ is taken into account (Murphy, 1976 (Murphy, , 1980 . It seems not to be due to restoring forces that oppose shortening, since the tissue did not have to shorten below slack length for it to occur (Brutsaert, 1974) . Similar ob-rise, which most probably reflects diffusion of activating solution and the build-up of activation, velocity of shortening dropped in a complex fashion with progressive shortening. It tended to pass through a constant intermediate level. This pattern represents a dependency on time rather than length. Indeed, when isometrically contracting preparations were unloaded to preload during the late stages of contraction, the velocity of shortening did not pass through an intermediate level. In addition, shortening velocities during subisometric loading superimposed on the control phase-plane when the loading was applied early after activation, but not when applied when shortening had entered the slow, creep-like phase. Shortening velocity is related to the kinetics of the intracellular contractile machinery and its biochemical control (Murphy, 1980) . The observed timedependency is therefore compatible with involvement of rapidly cycling crossbridges and crossbridges with a long duty cycle in initiation and maintenance of tonic contraction, respectively (Dillon et al., 1981; Dillon and Murphy, 1982; .
Nature of the Capacity to Bear Supra-isometric Loads
Both sub-and supra-isometric loading during shortening caused the tissue to lengthen. This lengthening was less than expected from afterloaded control contractions in the case of sub-isometric loads, and delayed in the case of supra-isometric loads. As in skeletal and cardiac muscle, this resistance allows smooth muscle to carry loads temporarily that exceed isometric force. Although comparable to that previously observed in saphenous vein and trachealis smooth muscle (Stephens and Brutsaert, 1982) , the load-bearing capacity of the coronary artery exceeds by far that displayed by skeletal and cardiac muscle (Brutsaert and Housmans, 1977; Hill, 1970; Edman et al., 1978) . This was the case, despite the fact that we attempted to compensate for the differences in kinetics between the muscle types, by expanding the minimal duration of load bearing from 10 to 200 msec when defining load-bearing capacity. In addition, the lengthening of the artery differs qualitatively from the three-step yielding in cardiac muscle (Housmans and Brutsaert, 1976; Brutsaert and Housmans, 1977) , in that only two phases can be distinguished. Similarly, electrically stimulated rat portal vein, rabbit urinary bladder (Johansson et al., 1978) , and canine saphenous vein and trachealis (Stephens and Brutsaert, 1982) yield in two steps when loaded. In both cardiac and vascular smooth muscle, the initial fast lengthening coincides with the load step and increases with increasing load. It could at least partly represent the instantaneous extension of series compliance (Stephens and Brutsaert, 1982; Brutsaert and Housmans, 1977) . The subsequent steps that occur in cardiac Circulation Research/Vo/. 55, No. 1, July 1984 muscle have been attributed to back rotation and final detachment of crossbridges (Housmans and Brutsaert, 1976; Brutsaert and Housmans, 1977) . No such detailed description can at present be put forward for vascular smooth muscle. Both the quantitative difference and the apparent absence of a final fast give, could, however, reflect fundamental differences in the mechanism of contraction between smooth and cardiac muscle. Among these could be (1) the occurrence of a "catch-like" state involving slowly cycling crossbridges with a long duty cycle (Dillon et al., 1981; Aksoy et al., 1982; Dillon and Murphy, 1982) and (2) heterogeneity of the geometrical arrangement of and within the smooth muscle fibers (Stephens and Brutsaert, 1982) .
Since supra-isometric loads were carried during delayed lengthening, and since the rate of lengthening increased with increasing load, the maximal load carried depended under all conditions of time and afterload on the extent of preceding shortening. In addition, a positive correlation was found between the extent of shortening and the ratio of the maximal-carried load to the isometric force at a given time. Yet, after minimal shortening a substantial relative excess of load could also be carried, suggesting that, besides shortening, other, perhaps more important factors, contribute to the capacity to bear supra-isometric loads.
Whereas the kinetics of arterial smooth muscle drop with time and load, comparable relative excess of force could be borne early in preloaded and late in afterloaded contractions. Therefore, kinetics of the contractile machinery do not play a predominant role in load-bearing capacity. The same relative excess of load, but larger absolute loads, were borne following preloaded and afterloaded shortening of comparable extent. Consequently, the number of crossbridges and their tenacity, that resists disruption before lengthening can occur, could be of additional importance. The force needed to disrupt force-generating sites would then appear to exceed the force they can develop by 30%. This value could be an underestimate, since the most compliant interactions are probably already disrupted during the initial fast lengthening (Brutsaert and Housmans, 1977; Simmons and Jewell, 1974) . Since indirect evidence mentioned above demonstrates possible interference of length changes with activation, stretch activation could contribute to the load-bearing capacity, as has been suggested for skeletal muscle (Edman et al., 1978) .
Conclusion
Coronary artery smooth muscle displays general mechanical properties, such as length-force and force-velocity relationships, when made to contract in depolarizing solution. There is, however, no unique length-force-velocity relationship, since length changes appear to affect excitation-contraction coupling, and time affects the kinetics of the contractile system. Both phenomena could be relevant for vascular physiology. Shortening inactivation and stress activation can contribute to autoregulation of blood flow (Johnson, 1980) . The observed progressive drop in shortening velocity can result from a mechanism that allows highly economical maintenance of tonic contractile reactivity in vascular smooth muscle (Dillon et al., 1981; Paul, 1983) . Coronary artery smooth muscle resisted lengthening. This property allows the tissue to bear loads, temporarily, that greatly exceed isometric force. This ability to bear an imposed supra-isometric load depended on the tenacity of the forcegenerating sites and on the extent to which the tissue had actively shortened.
